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This project attempted to combine digital data sets to define and map geologic
features in the Sparta and Montpelier quadrangles of Chickasaw and Clay counties in
northeastern Mississippi. LANDSAT TM, digital elevation, and soil permeability data
was used in conjunction with reference data for the Sparta quadrangle to build a computer
model. Variables used in the model were: geology, slope, soil permeability, vegetation
indices, the first three bands of a tasseled cap transformation, and drainage frequency.
The data used was LANDSAT TM 30 meter imagery, digital elevation models, also at 30
meter resolution, Penn State STATSGO soils data, and the existing map of the Sparta
quadrangle. The purpose of this project was to use digital data to remotely map geologic
features through heavy vegetation using a computer model. While the results of this
project were not completely successful, the methods used show some potential for future
application.

DEDICATION

I would like to dedicate this work to my parents, James S. Defibaugh III and Michelle J.
Chávez. Through their constant support they have ensured they will never end up in a
rest-home.

ii

ACKNOWLEDGMENTS

I would like to express my sincere gratitude to the faculty of the Department of
Geosciences. Without their willingness to give an unknown student a chance it would not
have been possible to continue with my education. A special debt of gratitude goes to Dr.
Darrel Schmitz for agreeing to take me on as his student. Tremendous thanks must also
go to Dr. William (Bill) Cooke III for his assistance and instruction in remote sensing and
geographic information systems, without which the project would have been impossible.
A tip of the hat to Dr. John Rodgers III for agreeing to serve on yet another committee for
a project he neither understood nor had any interest in. Dr. John Mylroie also deserves
my thanks for arranging some much needed funding during my second year in the
department.

iii

TABLE OF CONTENTS

Page
DEDICATION.................................................................................................................... ii
ACKNOWLEDGMENTS ................................................................................................. iii
LIST OF TABLES ............................................................................................................. vi
LIST OF FIGURES .......................................................................................................... vii
CHAPTER
I.

Introduction ............................................................................................................... 1
1.1 Introduction ......................................................................................................... 1
1.2 Geographic Setting .............................................................................................. 3
1.3 General Geology.................................................................................................. 6
1.4 Data...................................................................................................................... 8

II.

Literature Review .................................................................................................... 10
2.1 Similar Projects ................................................................................................. 10

III.

Objectives ................................................................................................................ 12
3.1 Statement of Problem ........................................................................................ 12
3.2 Objectives .......................................................................................................... 13

IV.

Methods and Models ............................................................................................... 15
4.1 Preliminary Investigation .................................................................................. 15
4.2 Data.................................................................................................................... 17
4.2.1 Elevation................................................................................................... 17
4.2.2 Soil Permeability...................................................................................... 18
4.2.3 Spectral..................................................................................................... 18
4.2.4 Geology .................................................................................................... 18
4.3 Variables ............................................................................................................ 21
4.3.1 Slope/Roughness ...................................................................................... 21
4.3.2 Stream Density......................................................................................... 21
4.3.3 NDVI/Tasseled Cap ................................................................................. 22
iv

CHAPTER

Page

4.4 Statistical Analyses............................................................................................ 22
4.5 Methods ............................................................................................................. 24
4.6 Software............................................................................................................. 29
4.7 Model................................................................................................................. 29
V. Results ..................................................................................................................... 31
VI. Discussion................................................................................................................ 36
VII. Conclusion............................................................................................................... 43
References Cited ............................................................................................................... 52
APPENDIX
A Tabulated Statistical Outputs................................................................................... 45

v

LIST OF TABLES

TABLE

Page

1.1

Tabulated summary of the soil associations for Chickasaw and Clay counties.
Adapted from the Murphree and et al. (1974)
and Murphree et al. (1976)........................................................................... 8

4.2

Bivariate Pearson correlation coefficient two-tailed test for significance tabulated
results. (** Correlation is significant at the 0.01 level (2-tailed).) The
abbreviations and their meanings are: geo = geology, rough = roughness, soil
perm = soil permeability, streams = stream density, tass1-3 = tasseled cap
bands 1-3. ..................................................................................................... 24

vi

LIST OF FIGURES

FIGURE

Page

1.1

Location of the Sparta 7.5-minute quadrangle and the 1.875- minute buffer zone
around it relative to the two counties, Chickasaw and Clay. ........................... 4

1.2

Map showing the physiographic regions of the state of Mississippi. The outlines
of Clay and Chickasaw counties have been placed on the map to provide a
frame of reference. The Pontotoc Hills are the eastern most sub-region of the
North Central Hills........................................................................................... 5

1.3

Generalized stratigraphic column for the Sparta and Montpelier quadrangles
(adapted from Bergquist 1943). ....................................................................... 6

4.1

Vegetation classes by geologic unit in the Sparta 7.5-minute quadrangle. These
bars show a general relationship between the vegetation and the underlying
geologic material. The bars represent pixel count means grouped by geologic
unit. KD is the Selma chalk, KR is the Ripley formation, KP is the Prairie
Bluff chalk, and PAC is the Clayton formation. ............................................ 16

4.2

Vegetation classes by geologic unit in the Montpelier 7.5- minute quadrangle.
These bars show a general relationship between the vegetation and the
underlying geologic material. These results were obtained using geological
boundaries based on a visual interpretation of the classified spectral image.
The bars represent pixel count means grouped by geologic unit. KR is the
Ripley formation, KP is the Prairie Bluff chalk, and PAC is the Clayton
formation. ....................................................................................................... 17

4.3

Digitized version of Greeley’s 1963 geological map of the Sparta 7.5- minute
quadrangle in Clay and Chickasaw counties, Mississippi. Used as the
dependent variable in all statistical analyses.................................................. 20

4.4

Raw model results of the entire study area including both the Sparta and
Montpelier 7.5- minute quadrangles plus the 1.875-minute buffer area. The
smaller image on the right has the Greeley 1963 map outlines overlain for
reference......................................................................................................... 26

vii

FIGURE

Page

4.5

A screen capture of the histogram and the software placed natural breaks for the
model results. The dotted lines represent the standard deviations and the
dot/dash line in the mean. .............................................................................. 28

4.6

A graphical representation of the additive map algebra model used in this study.
X n represents the individual data layer and bn is the weight modifier applied
to that variable. The general equatio n used in the model was a basic linear
equation: Y = X 1b1 + X 2b2 + ... + X n bn . ........................................................... 30

5.1

The raw model results for the Sparta 7.5- minute quadrangle, displayed in a
monochromatic gradient. These results clearly show the alluvial material and
the Ripley formation (southeastern quarter). It is hard to differentiate the other
geologic units from these results.................................................................... 33

5.2

Model results using equally weighted correlation coefficients in an additive map
algebra model. This image was obtained by reclassifying the raw model
results in to six classes. The alluvial materials show up well but the other
geological units are distorted beyond recognition. The classification increased
the amount of speckling, or noise. ................................................................. 34

5.3

The results of a 6x6 focal majority filter on the model results. This was an attempt
to consolidate some of the classes and remove the scattered pixels of the raw
model classes. While the filtering removed some of the finer detail from the
alluvial materials but it did clarify the Ripley formation (grey- green color in
the southeastern quarter) and the terrace deposits (yellow). .......................... 35

6.1

The raw model results for the Sparta 7.5- minute quadrangle, displayed in a
monochromatic gradient with the geologic boundaries from Greeley’s 1963
map overlain................................................................................................... 38

6.2

Model results using equally weighted correlation coefficients in an additive map
algebra model. The image above shows the known geology (black outlines)
overlain on the model results. ....................................................................... 39

6.3

The results of a 6x6 focal majority filter on the model results. This was an attempt
to consolidate some of the classes and remove the scattered pixels of the raw
model classes. The unit boundaries from Greeley’s 1963 map are
superimposed from reference......................................................................... 40

viii

CHAPTER I
INTRODUCTION
1.1 Introduction
The production of geologic maps is an important part of the geological sciences
with many applications in other disciplines. The standard procedure for mapping geologic
features involves some remote sensing through the use of aerial photographs but the
majority of the work is conducted in the field. This method is time consuming and
comparatively expensive. The purpose of this project was to test the possible application
of spectral, elevation, and other digital data with a computer based model to produce
geologic maps of equivalent value and accuracy to those produced through standard
methods. The study area chosen for the mapping project was a densely vegetated area in
Clay and Chickasaw counties in northeastern Mississippi. Determining the geology
below dense vegetation poses difficulties especially for the computer based modeling
portion of the project. The relationship between the substrate, the soil that develops, and
the vegetation that grows at the surface is a complex one. Factors like climate, vegetation,
anthropogenic influences as well as the parent material control the development of soils
and these factors are all interrelated. Warner et al. (1994), determined that there is a
relationship between the underlying geologic parent material, the soils that develop, and
the vegetation at the surface. This relationship, though subtle, was hopped would provide
a means for mapping geology.
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The majority of prior research and application of remote sensing and digital
mapping has been conducted in arid regions of the world. This project took advantage of
previous research in the application of remote sensing and other digital data for the
mapping of geological features. The difference between this study and the majority of
previous work lies in the areas being studied. The relatively dense vegetation covering
the study area and the moderate to low relief of the area lend special difficulty to the
problem. Additionally the more than a century of anthropological influences in the form
of agriculture may have removed or masked any original relationship between the
vegetation and the underlying geology. This project attempted to modify and apply
techniques developed for use in arid regions of high relief to a heavily ve getated
moderately flat area of northern Mississippi.
Remote sensing and geographic information systems (GIS) have become
increasingly popular as tools for studying the Earth’s surface and the processes that take
place there. As useful as these tools are there is a need for ground-truth. The errors
inherent in all remotely sensed and other digital data require that the data be tested to
some extent for any application of that data to be valid. This project attempted to develop
a set of useful parameters for use with a GIS and computer based modeling to produce
geological maps. Preliminary investigations conducted in the early stages of this project
suggested that a combination of characteristics such as slope, soil, and vegetation would
be useful as variables in the model. In the end the data available dictated the variables
that were used.
The purpose of this study was to determine the applicability of computer based
modeling to mapping geology in northwestern Mississippi. Mapping geology through

-2-

field work is extremely time consuming and in the dense vegetation of northern
Mississippi poses additional difficulties. Buy building a computer model that could give
an accurate estimation of the geology in an area based on digital data the time and effort
of field mapping would be greatly reduced. This would have the benefit of conserving
both time and money by potentially increasing the speed and accuracy of geological
mapping in the region.

1.2 Geographic Setting
The Sparta quadrangle is split unevenly between Clay and Chickasaw counties,
Mississippi (see figure 1.1). The Sparta quadrangle has been previously mapped (Greeley
1963) and a digitized version of this map was used as the basis for the computer based
model. It should be noted that when Greeley produced his map the 7.5- minute
quadrangles had not been implemented. Therefore Greeley’s work refers to the
southwestern quarter of the Buena Vista 15- minute quadrangle which is equivalent to the
Sparta 7.5- minute quadrangle discussed in the following sections. The Montpelier
quadrangle abuts the Sparta quadrangle to the south and is contained in its entirety within
Clay County. The Sparta quadrangle is located at latitude 33°45'00" and longitude
088°52'30". The Montpelier quadrangle is located at latitude 33°37'30" and longitude
088°52'30".
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Figure 1.1: Location of the Sparta 7.5- minute quadrangle and the 1.875-minute buffer
zone around it relative to the two counties, Chickasaw and Clay.

The study area is contained within the Black Prairie and the Pontotoc Ridge
physiographic regions. The Black Prairie is located within the alluvial plain of the
Tombigbee River, an area of rich soils and heavy agriculture. The Pontotoc Ridge is a
series of hills separating the Red Clay Hills region from the Black Prairie. The Pontotoc
Ridge is, due to cotton farming, unsuitable for agriculture the soil having been destroyed
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and now grows pine and hard wood forest (see figure 1.2). The entire proposed study area
is located within the Tombigbee River Basin (USGS).

Figure 1.2: Map showing the physiographic regions of the state of Mississippi. The
outlines of Clay and Chickasaw counties have been placed on the map to
provide a frame of reference. The Pontotoc Hills are the eastern most subregion of the North Central Hills.
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1.3 General Geology
With the exception of Greeley (1963) the only other study of the geology of the
area was conducted by Begquist (1943). The stratigraphy within the study area is
Cretaceous and Paleocene in age (see figure 1.3). These strata are exclusively marine in
origin. The formations in the southern part of the study area strike in a northwestsoutheast direction but change to a north-south strike to the north. The strata dip to the
west at less than 1° or 30 vertical feet to each horizontal mile. Beginning at the eastern
boundary and progressing westward the Sparta quadrangle contains Cretaceous Selma
chalk, the Ripley formation, and the Prairie Bluff chalk. Above the Prairie Bluff chalk, in
the Paleocene strata are the Clayton formation and the Porters Creek clay. These same
strata with the exception of the Selma chalk are also found in the Montpelier quadrangle
(Bergquist, 1943).

Figure 1.3: Generalized stratigraphic column for the Sparta and Montpelier quadrangles
(adapted from Bergquist 1943).
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The Cretaceous strata make up the major part of the study area. The Demopolis
member of the Selma formation is 400+ feet think and composed of chalk with sand and
clay impurities increasing in the lower portions. In the study area the Demopolis is
mostly covered by alluvial material. The topography of this unit is flat to gently rolling.
The Ripley formation is 150 feet think at its thickest point and is composed primarily of
sand and mixed sands and clays. The topography of the Ripley is hilly with ridges and
steep sided arroyos (Bergquist, 1943). The Ripley formation out crops in Clay County as
a belt between 2.5 and 4.5 miles wide that forms the Pontotoc Hills (Stephenson and
Monroe, 1940). The Prairie Bluff formation is 90 feet thick and is composed of chalk.
The topography of this unit varies from rolling hills in the east to alluvial cover in the
west (Bergquist, 1943). In Clay county the Prairie Bluff formation out crops in a band
that ranges from 1 to 4 miles wide (Stephenson and Monroe, 1940).
The Paleocene strata in the study area are limited to the Clayton formation and the
Porters Creek formation. The Clayton formation is 25+ feet thick and consists of a sandy
chalk. The topography of this unit is apparently unremarkable and it is covered by
alluvial material and soil. The Porters Creek formation is 125+ feet thick and composed
of clays with some chalky bands. In Clay county the surface exposure of the Prairie Bluff
formatio n ranges between 3 to 5 miles wide (Bergquist, 1943).
The study area also contains moderate quantities of alluvial material. The
alluvium is mostly located in the flood plains of the modern drainage system. This
alluvium is sands, silts, and gravels reworked from the Cretaceous sediments and
Pleistocene terrace deposits. Nowhere does it exceed 10 feet in thickness (Bergquist,
1943).
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1.4 Data
In looking at the work of Murphree et al. (1974) on the soils of Chickasaw county
and Murphree et al (1976) on the soils of Clay county there are notable discrepancies
between the maps of the two counties. These discrepancies in the soils groupings become
most obvious at the boundary between the counties. The boundaries between soil
classification units do not match at the border between the counties. The broad soil
groupings do not match between the work of Murphree and coworkers (1974) and
Murphree and coworkers (1976). A summary of the large scale soil associations for the
two counties have been tabulated in hopes of providing a general idea of soils in the study
area (see table 1.1).
Rather than attempt to work with soils characteristics like color and classification
the permeability was chosen as a variable for the model. Permeability was chosen
because it is reasonable to assume the characteristics of the parent material would have an
influence on the permeability of the soil. Also permeability is a numeric value and can be
used in a statistical analysis as a continuous variable.

Chickasaw County Soil Survey

Ora-Prentiss-Brewton
Adaton-Falkner-Mayhew
Wilcox-Sweatman-Tippah
Leeper-Belden-Una
Arklabutla-Marietta

Link Occurrence

A
B
B
C
C

ridge/slope

A
B
C
C

Subsoil

Use

loamy

crops

Additional Information

uplands

loamy/clayey

crops

pines and hardwoods

uplands

clayey/loamy

trees/crops

pines and hardwoods

flood plain clayey/loamy

crops/pasture

flood plain

loamy

crops/pasture Some trees

ridge/slope

loamy

ridge

clayey

Clay County Soil Survey
Ora-Prentiss-Longview
Wilcox-Mayhew-Ozan
Mathiston-Urbo-Una ?
Leeper-Griffith

crops
some crops

flood plain loamy/clayey

pasture/crops

flood plain

crops/pasture

clayey

Better suited for trees

Table 1.1: Tabulated summary of the soil associations for Chickasaw and Clay counties.
Adapted from the Murphree and et al. (1974) and Murphree et al. (1976).
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LANDSAT TM satellite imagery was used to identify surface features of the
project area. LANDSAT TM satellite images record multispectral data at a resolution of
30x30 meters. Electromagnetic bands recorded in LANDSAT TM satellite imagery range
from visible light all the way in to the thermal infrared. LANDSAT satellite images have
been used since the mid 1970’s to study large areas of the Earth’s surface. The spectral
data was chosen as a data source that would give an indication of the vegetation on the
land surface.
USGS digital elevations models were employed in the analysis of slope and other
terrain factors. Digital elevation models (DEM) are files containing digital elevation and
ground position data for points arranged in a regular spacing. The USGS provides several
different formats of digital elevation models. In this project the 7.5-minute digital
elevation models will be used. The data spacing on these digital elevation models is also
30x30 meters.
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CHAPTER II
LITERATURE REVIEW

Similar projects are currently underway around the state but they tend to focus on
the land cover and land use issue not the geology (MSCI website 2002). The use of
satellite imagery and digital elevation data in geological studies is not new. Duncan and
coworkers (1996) used LANDSAT imagery and digital elevation models to identify
valleys in a glaciated terrain and to distinguish previously glaciated valleys from
nonglaciated valleys. Duncan and coworkers were trying to validate the use of digital
elevation models in geological studies and mapping. Lee and et al. (2000) used satellite
imagery and elevation data to develop a GIS for predicting landslide hazards in
Janghung, Korea.
Giles (1998) describes methods for developing what he calls geomorphological
signatures based on digital elevation data and satellite imagery. Using a combination of
slope data and reflectance Giles developed and applied a set of geomorphological
signatures to a study area in the Yukon. Giles and Franklin (1998) describe the use of
stereoscopic satellite imagery to generate their digital elevation models for their study
area.
Warner and coworkers (1994) developed a rule-based classification that combined
digital elevation, spectral, and aeromagnetic data to define the geology under a heavily
forested area of Ontario Canada. They used the digital elevation data to separate out
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geomorphic units and the n looked at the vegetation within those areas. After they had
developed their classification they applied it to other areas with mixed results. This study
was conducted in an area underlain by metamorphic and igneous rocks, and there was
some significant relief to aid the classification. In a similar study Ohlmacher and Davis
(2003) employed a logistic regression approach in building a GIS to map landslide
hazards in Kansas.
Linear regression is used to study relationships between variables. Specifically
variable relationships that can be represented by a strait line. This linear regression is by
far the most common regression method used. It is used to study many areas of science,
from the social sciences and the humanities to biology and every thing in-between. The
most common reason for using linear regression is the description of a relationship
between variables that can be used for prediction of a future value (Weisnerg, 1980).
Kriging is an estimation procedure in geostatstics that uses known values and a
semivariogram to determine unknown values. Kriging incorporates measures of error and
uncertainty when determine estimated values. Point kriging estimates the value of an
unknown point based on nearby sample values. Semivariance is a measure of the degree
of spatial dependence between sample points. The magnitude of the semivariance is
dependant on distance. The plot of the semivariances as a function of distance from a
point is the semivariogram (Rivoirard, 1994).
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CHAPTER III
OBJECTIVES

3.1 Statement of Problem
The goals of this project were to develop and test a method of geologic mapping
of surface features using a combination of digital elevation, spectral data, and soil
permeability in a computer model. There are several parts to this problem. A preliminary
set of categories for mapable units were thought to be: alluvium (flood planes and
remnant terraces), and the underlying geologic units of the study area. These units have
distinct characteristics the alluvial materials area flat and tend to be under cultivation, the
sandy hills of tend to have sharper relief and be forested, the clay and chalk materials
display a gentle rolling surface with a mixture of forest and agriculture. Because of these
differences in the land cover and the nature of the land surface both vegetation and slope
were selected and potential variables in the model.
Other factors considered were soil permeability and stream density. Because the
soil, unless washed in from another area, is derived from the geologic parent material
underlying it was believed that permeability of the soils would aid in the mapping of the
surface geology in the study area. The differences between the geologic units in the study
area would cause stream characteristics to be different within each unit. The drainage
patterns would differ between the clay/chalk units and the sand units. Thus stream density
was chosen as a variable for use in this mapping project.
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The potential benefits from developing a computer model that can accurately map
geology using existing data such as DEMs and LANDSAT TM images are: increased
mapping speed, lower mapping costs, and greater easy of mapping. A secondary benefit
from a project carried out in the manner of this project is to give an indication of the
validity of similar projects conducted using the same types of data. There is a tendency
for researchers to use GIS and computer models as black boxes. They plug in their data
and hold up the results as truth with little or no validation. By building the model using
the previously mapped Sparta quadrangle as a base this project will give some indication
of the real value of the data used and the models similar to this one.

3.2 Objectives
There were three main objectives of the project. First remotely sensed data was
obtained for the area mapped by Greeley (1963) and second a model was built using the
Greeley map as a control. Third the model developed was tested against the map
produced by Greeley. Originally the plan was to build the model, test it against Greeley’s
1963 map in the Sparta quadrangle then apply that model to the Montpelier quadrangle.
Finally a check of the accuracy of the map produced for the Montpelier quadrangle with a
field based accuracy assessment was planed.
As stated in the preceding paragraph the purpose of this study was originally to
build a predictive model for geology based on a set of variables related to the land
surface. The goal at the start was to use Greeley’s 1963 Sparta quadrangle geologic map
to build and test a model then apply that model and validate the results in the field.
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In order to build the model a determination of useful characteristics and
relationships between those characteristics from various features on the landscape was
required. This involved the use of remotely sensed and digital elevation data. A detailed
understanding of the vegetation types and their relationship to the geology, either directly
or indirectly. A heuristic examination of the relationship between vegetation and geology
was employed. Acquisition of digital elevation data and spectral images for the study area
and examination of these data for crude relationships was necessary. In addition to the
digital elevation and soil permeability data, portions of a LANDSAT TM scene were
used for spectral data. In the end the use of vegetation classes was abandoned and
standard spectral enhancements were used in their place.
The candidates for possible statistical analyses of the variables involved in this
model included; discriminate analysis, logarithmic regression, and linear regression.
Discriminate analysis was abandoned early in the project as being beyond the abilities of
all those involved. Logarithmic regression was originally thought to be necessary because
the dependent variable (geology) was categorical. This form of regression takes a
categorical variable and treats it as a binary value. The variable is either true or false.
After the variables were collected and manipulated in to a workable form it became clear
that simple linear regression would be sufficient for the project.
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CHAPTER VI
METHODS AND MODELS

4.1 Preliminary investigation
Preliminary investigation of the study area showed a gross link between the
vegetation and the large scale geology of the area. Spectral signatures were collected for
each type of vegetation that was of interest and a supervised classification of the image
was run on the data. This was limited to five classes: 1) water, 2) coniferous, 3)
hardwood, 4) agriculture, and 5) mixed hardwood/coniferous. An examination of the soil
surveys for the study area showed a relationship between the soils and the vegetation
patterns witnessed in the satellite imagery. Based on a visual comparison of the classified
spectral image and the soil survey, soils appear to have a blurring effect on the geology.
Using the geology layer as a guide the classified image based on geologic unit
was subset to the area of the Sparta quadrangle. From these subset images pixel counts
were collected for each of the five classes and were represented as proportions (see figure
4.1). Next a visual interpretation was performed on the Montpelier area of the image.
Based on vegetation differences and other features of the surface like drainages and
topography geologic units were defined. Again the classified image was subset based on
the interpretation and pixel counts for the five classes were obtained. These are
represented as proportions (see figure 4.2). These proportions appear to show a
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relationship between the geologic units and the vegetation. This in it self was not
sufficient for mapping but gave an incentive to continue with a more detailed model.

0.5

0.45

0.4

0.35

0.3
water
hardwood
coniferous

0.25

agriculture
mixed
0.2

0.15

0.1

0.05

0
PAC

KP

KR

KD

Figure 4.1: Vegetation classes by geologic unit in the Sparta 7.5- minute quadrangle.
These bars show a general relationship between the vegetation and the
underlying geologic material. The bars represent pixel count means grouped
by geologic unit. KD is the Selma chalk, KR is the Ripley formation, KP is
the Prairie Bluff chalk, and PAC is the Clayton formation.
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0.6

0.5

0.4

water
hardwood
0.3

coniferous
agriculture
mixed

0.2

0.1

0
PAC

KP

KR

Figure 4.2: Vegetation classes by geologic unit in the Montpelier 7.5- minute quadrangle.
These bars show a general relationship between the vegetation and the
underlying geologic material. These results were obtained using geological
boundaries based on a visual interpretation of the classified spectral image.
The bars represent pixel count means grouped by geologic unit. KR is the
Ripley formation, KP is the Prairie Bluff chalk, and PAC is the Clayton
formation.

4.2 Data
4.2.1 Elevation
The DEM was taken from the USGS National Elevation Dataset (NED). Digital
elevation models are files containing digital elevation and ground position data for points
arranged in a regular spacing. The USGS provides several different formats of digital
elevation models. In this project the 7.5- minute digital elevation models will be used. The
data spacing on these digital elevation models is also 30x30 meters.
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4.2.2 Soil Permeability
The original soil permeability data came from the Penn State STATSGO soils.
The values in this data set are a mean taken of the permeability of the first three soil
horizons. The data was originally at 1000m resolution, but for the purpose of this study it
was resampled to 30m resolution using kriging. A grid surface with 30m cells was
produced using the kriging function of the ArcMap Spatial Analyst on the centroids of
the 1000m cells.

4.2.3 Spectral
In this project LANDSAT TM satellite imagery was used as data. The imagery
used came from the University of Maryland Global Land Cover Facility, where a 2000
scene of path 22, row 36 was available for download. LANDSAT TM satellite imagery
was used to identify surface features of the project area. LANDSAT TM satellite images
record multispectral data at a resolution of 30x30 meters. Electromagnetic bands recorded
in LANDSAT TM satellite imagery range from visible light all the way in to the thermal
infrared. LANDSAT TM satellite images have been used since the mid 1970’s to study
large areas of the Earth’s surface.

4.2.4 Geology
The map sheet from Greeley’s 1963 masters thesis was scanned into four
overlapping segments. This was necessitated by the limitations of the available
equipment. The four segments were stitched together using Adobe Photoshop™ 5.0. The
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now reunited map was output as a high resolution .tiff image. Both the scanning and
reconstruction of the map probably introduced errors. The scanner used an optical lens
that may have warped the image some and the physical map itself was creased and
wrinkled from 40 years spent folded in to a pocket.
When digitizing Greeley’s 1963 map it became apparent that some areas were not
clearly labeled. Geology in these areas was extrapolated based on knowledge of the
stratigraphy using fundamental concepts of geological relationships. In one location on
the southeastern section of the map Greeley indicated an uncertainty about the RipleyPrairie Bluff contact. In this case Greeley’s expected outline (indicated by a dashed in
line) was followed. Then the contact was guessed at based on topography and the
character of the well defined contact to the west. This probably did not have a major
impact on the model results, because the extrapolated contact borders a sliver of the
Ripley of insignificant area. Figure 4.3 shows the digitized version of Greeley’s 1963
map of the Sparta quadrangle.

- 19 -

Figure 4.3: Digitized version of Greeley’s 1963 geological map of the Sparta 7.5-minute
quadrangle in Clay and Chickasaw counties, Mississippi. Used as the
dependent variable in all statistical analyses.
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4.3 Variables
The variables used in the model were: slope, roughness, soil permeability, stream
density, NDVI (vegetation index), and the first three bands from a tasseled cap
transformation. These last four variables were derived from LANDSAT 7 spectral data.
The soil permeability data was extrapolated from Penn State’s STATSGO data. The
stream density, slope and roughness were all derived from the elevation data taken from
the USGS National Elevation Dataset.

4.3.1 Slope/Roughness
The slope variable was derived from the DEM using the Spatial Analyst in
ArcMap 8.0. Slope was given as a percentage. The roughness variable was derived by
taking the slope of the slope variable. This second derivative of the elevation data was
believed to represent a measure of the surface roughness.

4.3.2 Stream Density
The variable for stream density was derived from the DEM. First a layer
representing all the drainages was produced using the ESRI™ Watershed Delineation
application in ArcView 3.3. The representation of drainages was converted to a raster
binary data set where a value of 1 represented the presents of a drainage with in a pixel.
Then a focal mean filter was run on this raster data using a circular window with a radius
of 66 cells. This window shape and size were arrived at through a series of trials of
various other shapes and sizes. The resulting data set contained values in relative stream

- 21 -

densities. It was believed that this data would provide some valuable information for
modeling geology.

4.3.3 NDVI/Tasseled Cap
Two spectral enhancements were preformed on the raw six band LANDSAT TM
band stack. Both an NDVI and a tasseled cap transformation were preformed on the
spectral data. The NDVI and the first three bands of the tasseled cap (representing
greenness, wetness, and brightness respectively) were used as variables in the model. It
was believed these transformations would be more universally reproducible using
different spectral data sets. These spectral enhancements were carried out using the
default settings in ERDAS Imagine 8.0.

4.4 Statistical analyses
The sampling method used was a random sampling of points based on the
individual geologic units. This was done by the digitization of crude polygons well within
the boundaries of the geologic units from Greeley’s 1963 map. This removal of the
boundaries was done in an attempt to reduce the effect of any gradational nature of the
boundaries. A random sample of points was then taken from these central areas.
The random sample was carried out using the Geostatistical extension in ArcMap
8.0. A 50% sample of the training set was used to subset the data layers. To carry out this
subset of the data the polygons from the interior of the geological units were rasterized
and the raster cells were converted to a point coverage. The random sampling was carried
out on this point coverage and the results were then converted back to raster cells.
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Multiplication in map algebra was then used to convert this random sample to a binary
data set which was then used to subset the other data layers by multiplication in map
algebra. The resulting data layer subsets were then output to a text file using the raster to
ASCII function in ERDAS Imagine 8.0.
SPSS was used to perform all the statistical analyses conducted on these subsets
of the data (see table 4.2). In all cases, unless otherwise noted, the default settings were
used. Correlations were also run using the two-tailed Pearson test. The SPSS correlation
outputs for the analyses are in Appendix A. The correlation coefficients were used in the
model to assign weights to the variables.
The correlation coefficients discussed above were weighted equally and by
respective importance. There was little difference in the results so the equal weights were
chosen for the final model. The correlation coefficients were summed and individual
coefficient values were divided by the sum of variables this value was then used to find a
weight for the individual variable. Then these values were used in the model as the bn
values.
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GEO
GEO

SLOPE

ROUGH

PERM

STREAM

NVDI

TASS1

TASS2

TASS3

SLOPE

ROUGH

PERM

STREAM

NVDI

TASS1

TASS2

TASS3

1
.
45481
.659(**)
.000

.659(**)
.000
45481
1
.

.574(**)
.000
45481
.750(**)
.000

.246(**)
.000
45481
.419(**)
.000

.169(**)
.000
45481
.352(**)
.000

.158(**)
.000
45481
.241(**)
.000

.194(**)
.000
45481
.356(**)
.000

.248(**)
.000
45481
.413(**)
.000

.271(**)
.000
45481
.430(**)
.000

45481
.574(**)
.000
45481
.246(**)

45481
.750(**)
.000
45481
.419(**)

45481
1
.
45481
.408(**)

45481
.408(**)
.000
45481
1

45481
.348(**)
.000
45481
.978(**)

45481
.223(**)
.000
45481
.586(**)

45481
.352(**)
.000
45481
.953(**)

45481
.400(**)
.000
45481
.986(**)

45481
.412(**)
.000
45481
.941(**)

.000
45481
.169(**)
.000
45481

.000
45481
.352(**)
.000
45481

.000
45481
.348(**)
.000
45481

.
45481
.978(**)
.000
45481

.000
.000
45481
45481
1 .590(**)
.
.000
45481
45481

.000
45481
.931(**)
.000
45481

.000
45481
.968(**)
.000
45481

.000
45481
.924(**)
.000
45481

.158(**)
.000
45481
.194(**)
.000

.241(**)
.000
45481
.356(**)
.000

.223(**)
.000
45481
.352(**)
.000

.586(**)
.000
45481
.953(**)
.000

.590(**)
.000
45481
.931(**)
.000

1 .386(**) .709(**)
.
.000
.000
45481
45481
45481
.386(**)
1 .905(**)
.000
.
.000

.775(**)
.000
45481
.802(**)
.000

45481
.248(**)
.000
45481
.271(**)

45481
.413(**)
.000
45481
.430(**)

45481
.400(**)
.000
45481
.412(**)

45481
.986(**)
.000
45481
.941(**)

45481
.968(**)
.000
45481
.924(**)

45481
.709(**)
.000
45481
.775(**)

45481
.905(**)
.000
45481
.802(**)

.000
45481

.000
45481

.000
45481

.000
45481

.000
45481

.000
45481

.000
45481

45481
45481
1 .973(**)
.
.000
45481
45481
.973(**)
1
.000
45481

.
45481

Table 4.2: Bivariate Pearson correlation coefficient two-tailed test for significance
tabulated results. (** Correlation is significant at the 0.01 level (2-tailed).)
The abbreviations and their meanings are: geo=geology, rough=roughness,
soil perm=soil permeability, streams=stream density, tass1-3=tasseled cap
bands 1-3.
4.5 Methods
Once the variables had been determined and weighted appropriately a linear
additive model was run. Numerous mathematical variable transforms were attempted but
these had no significant impact on the model and were discarded. These transforms were
experimented with in an attempt to find relationships between the variables. The major
problem of this project was determining the placement of the boundaries between the
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different geologic units. Various methods were suggested to place these boundaries. The
first was to use an interpolation method to place the boundaries, this has some problems
associated with it. While it sound ed good in theory, there was a question of whether
categorical variables could be used so the second option was selected. The second option
involved using regression and map algebra to assign a values to the cells then grouping
classes and determining thresholds between classes. The third method was using the
correlation coefficients in place of the regression coefficients. Both the regressio n and the
correlation coefficients were tested and produced indistinguishable results. The forth
method was the artistic way, drawing the boundaries by hand based on a visual
interpretation. This method would be time consuming and as one of the goals of this
project was to produce a reproducible automated method for mapping surface geology in
and around the study area visual interpretation fails to meet that goal.
The final model was run on an area including the Sparta and Montpelier
quadrangles with a buffer zone of 1.875-minute all around the two quads. It is interesting
to note that the results were sharpest within the boundaries of the Sparta 7.5- minute
quadrangle and became more defuse in the rest of the model area. Figure 4.4 shows the
raw model results for the entire study area.

- 25 -

Figure 4.4: Raw model results of the entire study area including both the Sparta and
Montpelier 7.5- minute quadrangles plus the 1.875-minute buffer area. The
smaller image on the right has the Greeley 1963 map outlines overlain for
reference.
For the Sparta quadrangle, each data layer was subset using a random sampling of
points based on geologic unit. Prior to sampling, units were re-digitized as polygons well
within the boundaries of Greeley’s map units. This was done to minimize the effect of
any gradational contacts on the model results. Regression and correlation analyses were
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preformed on the sampled points. The r-squared value for this linear regression carried
out on the entire Sparta 7.5- minute quadrangle was 0.484 and a standard error of 0.921.
In the regression geology was the dependent variable. The regression coefficients were
used in an additive linear model in map algebra. Because of the low r-squared value a
decision was made to use the correlation coefficients, equally weighted, in map algebra to
produce a class prediction for each cell. The correlation coefficients were summed and
each coefficient values was divided by this sum to obtain the equal weight. The raw
results of the additive linear model were then reclassified in to six classes based on
natural breaks in the data (see figure 4.5). The results of the regression coefficient model
and the correlation coefficient model were identical and the simpler correlation
coefficient model was chosen for the final product.
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Figure 4.5: A screen capture of the histogram and the software placed natural breaks for
the model results. The dotted lines represent the standard deviations and the
dot/dash line in the mean.
The results of the model were smoothed using a focal majority filter with a 6x6
window. This window size was based on the smallest mapped area of Greeley’s 1963
map, roughly 36 cells. The filter was preformed twice in an attempt to reduce the
speckling in the classified model results. The focal majority filter works by counting the
pixel values within the window area and then assigning the pixel in the middle of the
window the same value as the majority of the pixels around it. This filter window is
moved across the data layer and each pixel is evaluated. This filter works well for
removing misplaced pixel and consolidating pixel values. The results are placed in a new
data layer.
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4.6 Software
The digitizing of Greeley’s 1963 map was carried out using ESRI™ ArcView 3.3.
The streams layer was derived using the ESRI™ Watershed Delineation application in
ArcView 3.3. ESRI™ ArcMap 8.3 Spatial Analyst was used to derive slope and
roughness layers and the stream density layer. ESRI™ ArcMap 8.3 was also used to
subset the data by random sampling using the Geostatistical Wizard, and the Raster
Calculator was used to run the models. Erdas™ Imagine 8.6 was used to convert grid data
sets to delaminated text. All statistical analyses were carried out using SPSS for Windows
Release 11.5.0. Unless otherwise noted all manipulations and analyses were run using the
default settings for the relevant software packages.

4.7 Model
The model used was an additive map algebra approach. The variables were
weighted both equally and based on correlation coefficients. The weighted variables were
then added on a pixel-by-pixel basis. Figure 4.5 attempts to show this process
graphically. Different methods of weighting the individual variables were used and equal
weights were chosen for the final model. The equal weights were chosen as the simplest
method after it was determined that no significant differences were produced using the
other methods. No significant differences were detected using map algebra to subtract the
model results produced by the different weighting methods. In all cases the results were
determined to be identical based on the uniform results of the map algebra calculations.
The results of the second statistical model showed a coarse match to the Greeley
1963 map. The best match was in the area of the alluvial materials. The reclassified
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results could only be described as piebald. There was some speckling in the results, single
pixels classed differently from the surrounding pixels. To reduce this a focal majority
filter was using a 6X6 window was run on the results. This filter was run twice.
Next the raw model results were reclassified from six classes to three. The
reasoning behind this decision was that the sandy units, the clay/chalk units, and the
alluvial units would have similar slope values and the variable relationships within these
three categories would be similar but allow differentiation between the groups.
Reclassification was based on visual interpretation of model results. Model classes 1 and
2 were collapsed as were 4, 5, and 6, resulting in three classes. It was hoped that this
would result in a clearer definition of geology. The results of this reclassification showed
an even poorer relation to the Greeley’s 1963 geological outlines.

Figure 4.6: A graphical representation of the additive map algebra model used in this
study. X n represents the individual data layer and bn is the weight modifier
applied to that variable. The general equation used in the model was a basic
linear equation: Y = X 1b1 + X 2b2 + ... + X n bn .
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CHAPTER 5
RESULTS

This project combined satellite imagery and digital elevation data for an area
where good reference data was existed. A computer based model was then used to
produce a map of geologic features. The original plan was to then apply this model to an
adjacent area of unknown geology, produce a map, and check that map in the field. The
results of the model building stage were unsuccessful and it was felt that no further
information could be gained by following through on this second step. Thus the
Montpelier quadrangle has yet to be mapped.
The simple null hypothesis for this project was that the application of digital
elevation, spectral, and soil permeability data cannot be used to produce a valuable
geologic map of the study area. The poor performance of the model in its inability to
reliably reproduce the known geology of the Sparta quadrangle means the null hypothesis
remains standing. The primary goal of the project was to produce a useful and valid map
of the surface geology Montpelier quadrangle. The secondary goal was to determine the
usefulness of digital elevation and remotely sensed data in mapping in northern
Mississippi. Even with the null hypothesis left standing at the end of this project it
provided valuable information about which methods work, and did not work, in this part
of the world.
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The results of the model were at best 48% accurate in reproducing the geology.
Figure 5.1 shows the raw model results cropped to the extent of the Sparta 7.5-minute
quadrangle. It was immediately apparent that these results were heavily dependent on
slope as a variable. The raw results are very close in appearance to the raw DEM data. It
was only after classification of the results that the differences became apparent.
The raw model results were sorted into six classes based on natural breaks in the
data. Figure 5.2 shows the model results bent to six classes. Similarly the results of the
focal majority filter preformed on the classified results of the model failed to match the
known geology any better. As can be seen in figure 5.3 the smoothed model results do
not conform well to Greeley’s 1963 geologic unit boundaries. In both cases the alluvial
material is the closest fit to the known geology. The results were no t significantly
different between these two approaches.
There is also a question of spatial resolution for the data used in the project. As
both the spectral and elevation data were readily available at 30 meters this became the
default resolution of the rest of the data used. It was believed that this scale would
provide the resolution necessary for mapping the geologic units in the study area. The
smallest feature mapped by Greeley (1963) are drainages filled with alluvium. These
features taper to a fine point but remain wider than one hundred feet for most of their
length. Since the completion of this project higher quality, finer resolution elevation data
has become available.

- 32 -

Figure 5.1: The raw model results for the Sparta 7.5- minute quadrangle, displayed in a
monochromatic gradient. These results clearly show the alluvial material and
the Ripley formation (southeastern quarter). It is hard to differentiate the other
geologic units from these results.
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Figure 5.2: Model results using equally weighted correlation coefficients in an additive
map algebra model. This image was obtained by reclassifying the raw model
results in to six classes. The alluvial materials show up well but the other
geological units are distorted beyond recognition. The classification increased
the amount of speckling, or noise.
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Figure 5.3: The results of a 6x6 focal majority filter on the model results. This was an
attempt to consolidate some of the classes and remove the scattered pixels of
the raw model classes. While the filtering removed some of the finer detail
from the alluvial materials but it did clarify the Ripley formation (grey-green
color in the southeastern quarter) and the terrace deposits (yellow).
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CHAPTER 6
DISCUSSION

The results of the model was manipulated in several ways in an attempt to better
the results. Figure 6.1 shows the raw model output in a continuous gradient color with
Greeley’s 1963 geological boundaries overlain in black. Some patterns were visually
discernible especially the alluvial material. Figure 6.2 shows model results bent to six
classes with the Greeley 1963 geological boundaries overlain in black. From figure 6.2 it
is clear that the model did not produce a sharp enough output. The alluvial materials are
clearly defined and the Ripley (grey-green coloration in the southeastern quarter) starts to
be pulled out. Figure 6.3 shows the classified model results after a focal majority filter
was run on the data, also with Greeley’s 1963 geological boundaries overlain in black.
From this figure it is clear that the focal majority filter did reduce the class scatter some
but the results still do not match the known geology well. The alluvial material is still
clearly defined and the terrace deposits (yellow) stand out more clearly. Also the Ripley
formation in the southeastern quarter becomes more coherent (grey- green). Still the other
units are too patchy and the units that are showing up do not match Greeley’s 1963 map
boundaries.
The possibility exists that older data may, in many respects, have been better
suited to this project than modern data. This idea was based on the hope that older data
may not show as many anthropogenic influences on the land surface as modern data. The
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term modern is used here to describe data from the last three years and the term older
data is used to describe data older than a decade. While this makes sense from the
prospective of reducing human skew in the data there is the question of data quality.
There may be a thresho ld where the older data with its reduced anthropogenic influences
is too poor a quality to balance with the more detailed modern data. There is also a
question of whether any remotely sensed data is old enough to reduce anthropogenic
influences in the study area where agriculture has been practiced for over a hundred
years.
The model results were patchy and discontinuous and showed poor correlation to
Greeley’s 1963 map of the area. Even after the raw results were bent to six classes the
results were far from accurate to the Greeley map. The notable exception was the alluvial
materials which the model mapped with a fair degree of success. In general the trends of
the Greeley map were visible in the model results but detail was lacking. Slope and
roughness were throughout consistently the most highly correlated variables with the
geology. This was expected, the low correlation of the other variables was unexpected
and disappointing.
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Figure 6.1: The raw model results for the Sparta 7.5- minute quadrangle, displayed in a
monochromatic gradient with the geologic boundaries from Greeley’s 1963
map overlain.
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Figure 6.2: Model results using equally weighted correlation coefficients in an additive
map algebra model. The image above shows the known geology (black
outlines) overlain on the model results.
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Figure 6.3: The results of a 6x6 focal majority filter on the model results. This was an
attempt to consolidate some of the classes and remove the scattered pixels of
the raw model classes. The unit boundaries from Greeley’s 1963 map are
superimposed from reference.
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There are problems with the model described in the previous sections. The first is
the age and possible invalidity of the map produced by Greeley in 1963. The second is
heavy reliance of the model on slope as a variable. In the first case it was assumed that
Greeley’s 1963 map was a fair representation of reality in the field. The problem with this
assumption is that 53% of the map area is alluvium and terrace deposits. There could
have been a significant change in the distribution of these two units in the intervening
forty years since Greeley mapped the area. In the second case the heavy reliance on slope
renders the model incapable of distinguishing between the current flood plains and the
remnant flood plains. Thus the alluvium and the terrace deposits are classed as the same
thing. Because 53% of the map area is either alluvium or terrace this limitation of the
model is a major problem. Only field work can resolve these problems, but as the model
has such low r-square and correlation values field validation would have been of little
additional use.
The poor results of the model may be in part due to the resolution of the data.
Also the old adage “you get what you pay for” may apply in this case. All the data used
in this study was free publicly available and may not have been of the highest quality.
The study was carried out using grids composed of 30m cells, this may have blurred
some of the finer features of the land surface. Over a century of anthropogenic
manipulation in the study area also may have had a significant impact on the usefulness
of spectral data.
The DEM data from NED is based on scanned topographic maps and are
therefore an extrapolation based on an extrapolation. This gives some cause to worry
about the validity of the model that is heavily dependant on slope as a variable, slope
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being derived from the elevation data. Errors in these data may also have contributed to
the poor performance of the model. The dependence of the final model on slope would
cause any defects in the DEM to become significant.
The extrapolation of a surface grid composed of 30m cells from the STATSGO
soils data is another cause for concern. Because of this manipulation of the permeability
data it is fair to question its value as a variable in the model. The data was originally of
questionable value as the 1000m cells would tend to homogenize the measured data
removing, possibly important, small scale variations in the permeability data.
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CHAPTER 7
CONCLUSION

As this project was conducted it involved the use of image analysis, ground cover
characterization, and statistical analysis. The expected end product of this endeavor was a
geologic map of the Montpelier quadrangle of Clay County Mississippi. Such a map
would have application in mana ging of resources, land use, and environmental studies.
However, the poor performance of the model to accurately reproduce the known geology
of the Sparta quadrangle rendered the mapping of the Montpelier quadrangle unfeasible.
The classification scheme developed and applied in this project is still
fundamentally sound. As can be seen in the results of the model there is a relationship
between geology and slope. There are also weaker relationships between geology, the
spectral transformations, and other variables used. Future study of this area and this
mapping approach employing better data would likely produce the desired results.
There is an apparent flaw lurking behind the research and the conclusions drawn
based on the results of the research. This flaw is found in the assumption that Greeley’s
1963 map is accurate and represents the reality of the field. An astute reader will ask why
the work by Greeley (1963) was not validated through field work prior to building the
model. Had a decision to conduct field work been made there would be no point in
validation Greeley’s work. As the goal of the project was to produce a model that could
predict geology using digital data in a computer based model field work prior to building
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the model would have rendered the model building redundant. That is, if time and energy
were to to be spent in field work validation the work of Greeley it would have made more
sense to abandon the Sparta quadrangle entirely and simple map the Montpelier
quadrangle using convention field techniques.
In the opinion of the author the model described in the proceeding sections would
have preformed better in an area with less anthropogenic manipulation of the vegetation.
If funding had been available for the acquisition of higher resolution data things may
have turned out differently. The resolution of 30m was just too course. It is possible that
future research using more variables and higher quality data would produce the desired
results.
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APPENDIX A:
TABULATED STATISTICAL OUTPUTS
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kdb
Correlations
SLOPE ROUGH PERM STREAM NVDI TASS1 TASS2 TASS3
SLOPE Pearson Correlation
0.392 0.146
-0.117 0.060 -0.183 0.020 0.116
1
Sig. (2-tailed)
.
0.000 0.000
0.000 0.002 0.000 0.308 0.000
N
2,589
2,589 2,589
2,589 2,589 2,589 2,589 2,589
ROUGH Pearson Correlation
0.392
1 0.167
-0.044 0.065 -0.134 0.036 0.088
Sig. (2-tailed)
0.000 .
0.000
0.026 0.001 0.000 0.064 0.000
N
2,589
2,589 2,589
2,589 2,589 2,589 2,589 2,589
PERM
Pearson Correlation
0.146
0.167
1
0.386 0.155 -0.097 0.149 0.124
Sig. (2-tailed)
0.000
0.000 .
0.000 0.000 0.000 0.000 0.000
N
2,589
2,589 2,589
2,589 2,589 2,589 2,589 2,589
STREAM Pearson Correlation
-0.117 -0.044 0.386
1 0.127 0.025 0.141 0.057
Sig. (2-tailed)
0.000
0.026 0.000 .
0.000 0.199 0.000 0.004
N
2,589
2,589 2,589
2,589 2,589 2,589 2,589 2,589
NVDI
Pearson Correlation
0.060
0.065 0.155
0.127
1 -0.602 0.987 0.776
Sig. (2-tailed)
0.002
0.001 0.000
0.000 .
0.000 0.000 0.000
N
2,589
2,589 2,589
2,589 2,589 2,589 2,589 2,589
TASS1
Pearson Correlation
-0.183
-0.134 -0.097
0.025 -0.602
1 -0.552 -0.934
Sig. (2-tailed)
0.000
0.000 0.000
0.199 0.000 .
0.000 0.000
N
2,589
2,589 2,589
2,589 2,589 2,589 2,589 2,589
TASS2
Pearson Correlation
0.141 0.987 -0.552
0.020
0.036 0.149
1 0.752
Sig. (2-tailed)
0.308
0.064 0.000
0.000 0.000 0.000 .
0.000
N
2,589
2,589 2,589
2,589 2,589 2,589 2,589 2,589
TASS3
Pearson Correlation
0.116
0.088 0.124
0.057 0.776 -0.934 0.752
1
Sig. (2-tailed)
0.000
0.000 0.000
0.004 0.000 0.000 0.000 .
N
2,589
2,589 2,589
2,589 2,589 2,589 2,589 2,589
Correlation is significant at the 0.01 level (2-tailed).
Correlation is significant at the 0.05 level (2-tailed).
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kpb
Correlations
SLOPE ROUGH PERM STREAM
SLOPE Pearson Correlation
0.456 0.242
0.135
1
Sig. (2-tailed)
.
0.000 0.000
0.000
N
4,983
4,983 4,983
4,983
ROUGH Pearson Correlation
0.456
1 0.197
0.098
Sig. (2-tailed)
0.000 .
0.000
0.000
N
4,983
4,983 4,983
4,983
PERM
Pearson Correlation
0.242
0.197
1
0.476
Sig. (2-tailed)
0.000
0.000 .
0.000
N
4,983
4,983 4,983
4,983
STREAM Pearson Correlation
0.135
0.098 0.476
1
Sig. (2-tailed)
0.000
0.000 0.000 .
N
4,983
4,983 4,983
4,983
NVDI
Pearson Correlation
0.217
0.165 0.254
-0.031
Sig. (2-tailed)
0.000
0.000 0.000
0.031
N
4,983
4,983 4,983
4,983
TASS1
Pearson Correlation
-0.174
-0.148 -0.260
-0.034
Sig. (2-tailed)
0.000
0.000 0.000
0.015
N
4,983
4,983 4,983
4,983
TASS2
Pearson Correlation
0.206
0.165 0.243
-0.028
Sig. (2-tailed)
0.000
0.000 0.000
0.050
N
4,983
4,983 4,983
4,983
TASS3
Pearson Correlation
0.172
0.143 0.301
0.030
Sig. (2-tailed)
0.000
0.000 0.000
0.032
N
4,983
4,983 4,983
4,983
Correlation is significant at the 0.01 level (2-tailed).
Correlation is significant at the 0.05 level (2-tailed).

- 47 -

NVDI
0.217
0.000
4,983
0.165
0.000
4,983
0.254
0.000
4,983
-0.031
0.031
4,983
1
.
4,983
-0.768
0.000
4,983
0.988
0.000
4,983
0.817
0.000
4,983

TASS1 TASS2 TASS3
-0.174 0.206 0.172
0.000 0.000 0.000
4,983 4,983 4,983
-0.148 0.165 0.143
0.000 0.000 0.000
4,983 4,983 4,983
-0.260 0.243 0.301
0.000 0.000 0.000
4,983 4,983 4,983
-0.034 -0.028 0.030
0.015 0.050 0.032
4,983 4,983 4,983
-0.768 0.988 0.817
0.000 0.000 0.000
4,983 4,983 4,983
1 -0.803 -0.969
.
0.000 0.000
4,983 4,983 4,983
-0.803
1 0.838
0.000 .
0.000
4,983 4,983 4,983
-0.969 0.838
1
0.000 0.000 .
4,983 4,983 4,983

kr
Correlations
SLOPE ROUGH PERM STREAM
SLOPE Pearson Correlation
0.390 -0.391
-0.279
1
Sig. (2-tailed)
.
0.000 0.000
0.000
N
1,775
1,775 1,775
1,775
ROUGH Pearson Correlation
0.390
1 -0.317
-0.229
Sig. (2-tailed)
0.000 .
0.000
0.000
N
1,775
1,775 1,775
1,775
PERM
Pearson Correlation
-0.391
-0.317
1
0.753
Sig. (2-tailed)
0.000
0.000 .
0.000
N
1,775
1,775 1,775
1,775
STREAM Pearson Correlation
-0.279
-0.229 0.753
1
Sig. (2-tailed)
0.000
0.000 0.000 .
N
1,775
1,775 1,775
1,775
NVDI
Pearson Correlation
0.239
0.152 -0.334
-0.268
Sig. (2-tailed)
0.000
0.000 0.000
0.000
N
1,775
1,775 1,775
1,775
TASS1
Pearson Correlation
-0.194
-0.136 0.165
-0.015
Sig. (2-tailed)
0.000
0.000 0.000
0.528
N
1,775
1,775 1,775
1,775
TASS2
Pearson Correlation
0.245
0.167 -0.343
-0.264
Sig. (2-tailed)
0.000
0.000 0.000
0.000
N
1,775
1,775 1,775
1,775
TASS3
Pearson Correlation
0.173
0.119 -0.178
-0.023
Sig. (2-tailed)
0.000
0.000 0.000
0.333
N
1,775
1,775 1,775
1,775
Correlation is significant at the 0.01 level (2-tailed).
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NVDI TASS1 TASS2
0.239 -0.194 0.245
0.000 0.000 0.000
1,775 1,775 1,775
0.152 -0.136 0.167
0.000 0.000 0.000
1,775 1,775 1,775
-0.334 0.165 -0.343
0.000 0.000 0.000
1,775 1,775 1,775
-0.268 -0.015 -0.264
0.000 0.528 0.000
1,775 1,775 1,775
1 -0.607 0.988
.
0.000 0.000
1,775 1,775 1,775
-0.607
1 -0.635
0.000 .
0.000
1,775 1,775 1,775
0.988 -0.635
1
0.000 0.000 .
1,775 1,775 1,775
0.719 -0.941 0.740
0.000 0.000 0.000
1,775 1,775 1,775

TASS3
0.173
0.000
1,775
0.119
0.000
1,775
-0.178
0.000
1,775
-0.023
0.333
1,775
0.719
0.000
1,775
-0.941
0.000
1,775
0.740
0.000
1,775
1
.
1,775

qal
Correlations
SLOPE ROUGH PERM STREAM NVDI TASS1 TASS2 TASS3
SLOPE Pearson Correlation
0.710 0.464
0.434 0.307 0.454 0.454 0.442
1
Sig. (2-tailed)
.
0.000 0.000
0.000 0.000 0.000 0.000 0.000
N
28,629
28,629 28,629
28,629 28,629 28,629 28,629 28,629
ROUGH Pearson Correlation
0.710
1 0.394
0.368 0.265 0.384 0.386 0.376
Sig. (2-tailed)
0.000 .
0.000
0.000 0.000 0.000 0.000 0.000
N
28,629
28,629 28,629
28,629 28,629 28,629 28,629 28,629
PERM
Pearson Correlation
0.464
0.394
1
0.989 0.758 0.976 0.993 0.973
Sig. (2-tailed)
0.000
0.000 .
0.000 0.000 0.000 0.000 0.000
N
28,629
28,629 28,629
28,629 28,629 28,629 28,629 28,629
STREAM Pearson Correlation
0.434
0.368 0.989
1 0.760 0.963 0.984 0.966
Sig. (2-tailed)
0.000
0.000 0.000 .
0.000 0.000 0.000 0.000
N
28,629
28,629 28,629
28,629 28,629 28,629 28,629 28,629
NVDI
Pearson Correlation
0.307
0.265 0.758
0.760
1 0.639 0.831 0.870
Sig. (2-tailed)
0.000
0.000 0.000
0.000 .
0.000 0.000 0.000
N
28,629
28,629 28,629
28,629 28,629 28,629 28,629 28,629
TASS1
Pearson Correlation
0.454
0.384 0.976
0.963 0.639
1 0.951 0.905
Sig. (2-tailed)
0.000
0.000 0.000
0.000 0.000 .
0.000 0.000
N
28,629
28,629 28,629
28,629 28,629 28,629 28,629 28,629
TASS2
Pearson Correlation
0.454
0.386 0.993
0.984 0.831 0.951
1 0.990
Sig. (2-tailed)
0.000
0.000 0.000
0.000 0.000 0.000 .
0.000
N
28,629
28,629 28,629
28,629 28,629 28,629 28,629 28,629
TASS3
Pearson Correlation
0.442
0.376 0.973
0.966 0.870 0.905 0.990
1
Sig. (2-tailed)
0.000
0.000 0.000
0.000 0.000 0.000 0.000 .
N
28,629
28,629 28,629
28,629 28,629 28,629 28,629 28,629
Correlation is significant at the 0.01 level (2-tailed).
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qt
Correlations
SLOPE ROUGH PERM STREAM
SLOPE Pearson Correlation
0.486 -0.240
-0.056
1
Sig. (2-tailed)
.
0.000 0.000
0.000
N
5,832
5,832 5,832
5,832
ROUGH Pearson Correlation
0.486
1 -0.209
-0.016
Sig. (2-tailed)
0.000 .
0.000
0.218
N
5,832
5,832 5,832
5,832
PERM
Pearson Correlation
-0.240
-0.209
1
-0.035
Sig. (2-tailed)
0.000
0.000 .
0.008
N
5,832
5,832 5,832
5,832
STREAM Pearson Correlation
-0.056
-0.016 -0.035
1
Sig. (2-tailed)
0.000
0.218 0.008 .
N
5,832
5,832 5,832
5,832
NVDI
Pearson Correlation
-0.024
-0.073 0.018
-0.020
Sig. (2-tailed)
0.062
0.000 0.174
0.123
N
5,832
5,832 5,832
5,832
TASS1
Pearson Correlation
0.027
0.047 -0.058
0.014
Sig. (2-tailed)
0.037
0.000 0.000
0.282
N
5,832
5,832 5,832
5,832
TASS2
Pearson Correlation
-0.029
-0.076 0.028
-0.043
Sig. (2-tailed)
0.025
0.000 0.030
0.001
N
5,832
5,832 5,832
5,832
TASS3
Pearson Correlation
-0.029
-0.051 0.025
0.005
Sig. (2-tailed)
0.026
0.000 0.061
0.677
N
5,832
5,832 5,832
5,832
Correlation is significant at the 0.01 level (2-tailed).
Correlation is significant at the 0.05 level (2-tailed).
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NVDI TASS1 TASS2
-0.024 0.027 -0.029
0.062 0.037 0.025
5,832 5,832 5,832
-0.073 0.047 -0.076
0.000 0.000 0.000
5,832 5,832 5,832
0.018 -0.058 0.028
0.174 0.000 0.030
5,832 5,832 5,832
-0.020 0.014 -0.043
0.123 0.282 0.001
5,832 5,832 5,832
1 -0.746 0.977
.
0.000 0.000
5,832 5,832 5,832
-0.746
1 -0.769
0.000 .
0.000
5,832 5,832 5,832
0.977 -0.769
1
0.000 0.000 .
5,832 5,832 5,832
0.790 -0.952 0.784
0.000 0.000 0.000
5,832 5,832 5,832

TASS3
-0.029
0.026
5,832
-0.051
0.000
5,832
0.025
0.061
5,832
0.005
0.677
5,832
0.790
0.000
5,832
-0.952
0.000
5,832
0.784
0.000
5,832
1
.
5,832

tpm
Correlations
SLOPE ROUGH PERM STREAM
SLOPE Pearson Correlation
0.449 -0.043
0.298
1
Sig. (2-tailed)
.
0.000 0.079
0.000
N
1,673
1,673 1,673
1,673
ROUGH Pearson Correlation
0.449
1 0.076
0.316
Sig. (2-tailed)
0.000 .
0.002
0.000
N
1,673
1,673 1,673
1,673
PERM
Pearson Correlation
-0.043
0.076
1
0.099
Sig. (2-tailed)
0.079
0.002 .
0.000
N
1,673
1,673 1,673
1,673
STREAM Pearson Correlation
0.298
0.316 0.099
1
Sig. (2-tailed)
0.000
0.000 0.000 .
N
1,673
1,673 1,673
1,673
NVDI
Pearson Correlation
0.100
0.094 -0.369
0.080
Sig. (2-tailed)
0.000
0.000 0.000
0.001
N
1,673
1,673 1,673
1,673
TASS1
Pearson Correlation
-0.052
-0.059 0.449
-0.038
Sig. (2-tailed)
0.032
0.016 0.000
0.118
N
1,673
1,673 1,673
1,673
TASS2
Pearson Correlation
0.116
0.113 -0.338
0.089
Sig. (2-tailed)
0.000
0.000 0.000
0.000
N
1,673
1,673 1,673
1,673
TASS3
Pearson Correlation
0.064
0.062 -0.415
-0.013
Sig. (2-tailed)
0.009
0.012 0.000
0.609
N
1,673
1,673 1,673
1,673
Correlation is significant at the 0.01 level (2-tailed).
Correlation is significant at the 0.05 level (2-tailed).
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NVDI TASS1 TASS2
0.100 -0.052
0.116
0.000 0.032 0.000
1,673 1,673 1,673
0.094 -0.059
0.113
0.000 0.016 0.000
1,673 1,673 1,673
-0.369 0.449 -0.338
0.000 0.000 0.000
1,673 1,673 1,673
0.080 -0.038 0.089
0.001 0.118 0.000
1,673 1,673 1,673
1 -0.766 0.980
.
0.000 0.000
1,673 1,673 1,673
-0.766
1 -0.792
0.000 .
0.000
1,673 1,673 1,673
0.980 -0.792
1
0.000 0.000 .
1,673 1,673 1,673
0.821 -0.942 0.828
0.000 0.000 0.000
1,673 1,673 1,673

TASS3
0.064
0.009
1,673
0.062
0.012
1,673
-0.415
0.000
1,673
-0.013
0.609
1,673
0.821
0.000
1,673
-0.942
0.000
1,673
0.828
0.000
1,673
1
.
1,673
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